We investigate the diffusive electron-transport properties of charge-doped graphene ribbons and nanoribbons with imperfect edges. We consider different regimes of edge scattering, ranging from wide graphene ribbons with (partially) diffusive edge scattering to ribbons with large width variations and nanoribbons with atomistic edge roughness. For the latter, we introduce an approach based on pseudopotentials, allowing for an atomistic treatment of the band structure and the scattering potential, on the self-consistent solution of the Boltzmann transport equation within the relaxation-time approximation and taking into account the edge-roughness properties and statistics. The resulting resistivity depends strongly on the ribbon orientation, with zigzag (armchair) ribbons showing the smallest (largest) resistivity, and intermediate ribbon orientations exhibiting intermediate resistivity values. The results also show clear resistivity peaks, corresponding to peaks in the density of states due to the confinement-induced subband quantization, except for armchair-edge ribbons that show a very strong width dependence because of their claromatic behavior. Furthermore, we identify a strong interplay between the relative position of the two valleys of graphene along the transport direction, the correlation profile of the atomistic edge roughness, and the chiral valley modes, leading to a peculiar strongly suppressed resistivity regime, most pronounced for the zigzag orientation.
I. INTRODUCTION

Fujita et al. first introduced graphene ribbons in 1996
1-3 and, at present, they can be produced using a variety of techniques, e.g., lithography, 4,5 chemical processing, [6] [7] [8] [9] unzipping or etching of carbon nanotubes, 10-13 molecular precursors, 14 ion implantation, 15 or exfoliation. 16 The intrinsically very promising properties of two-dimensional graphene (high mechanical stability and large thermal and electrical conductivity) have led many to propose alternative device and integrated circuit components in which charge-doped graphene nanoribbons are employed in order to meet future very-large-scale integration standards. A notable application is nanoscale interconnects, for which a low electrical resistivity and high current density is crucial. [17] [18] [19] [20] [21] The degradation of the mobility of graphene ribbons for decreasing ribbon widths, due to diffusive edge scattering processes, forms a crucial issue in that regard, hampering the large-scale integration of nanoscaled graphene ribbon devices.
18
Several publications have already addressed the (diffusive) transport properties of graphene ribbons for different scattering mechanisms, e.g., impurity, edge (roughness or disorder) or acoustic and optical phonon scattering. 17, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The approaches that were considered vary widely, ranging from a nearest-neighbor tightbinding description for the band structure of a graphene ribbon near the charge-neutrality (Dirac) point to fullfledged atomistic simulations, e.g., based on empirical pseudopotentials. 29 Similarly, the treatment for these scattering mechanisms ranges from phenomenological or (semi)classical estimates of the mean free path, entering the Landauer conductance formula, to numerically solving Green's functions and perturbative or atomistic scattering approaches in combination with the Boltzmann transport equation.
In this work, we revisit and extend the existing treatments of edge scattering, which is typically the dominant scattering mechanism for charge-doped graphene ribbons with imperfect edges and becomes increasingly important as the ribbon width decreases. 18 Our main aim is to obtain a general description for edge-roughness scattering in graphene nanoribbons with arbitrary orientation (zigzag, armchair, or otherwise) and study the impact of different parameters, including the edge profile properties and statistics, the doping level, and the ribbon width (ranging from the µm scale down to the nm scale) and orientation, on their transport properties.
In the case of wide graphene ribbons, a continuum description for the in-plane momenta of the electrons is satisfactory. If, furthermore, the width variations are relatively small, edge scattering can be described by a phenomenological probability for diffusive edge scattering, as initially proposed by Naeemi et al. 17 This approach can also be extended to account for large width variations, as was done recently by Contino et al. 32 The major part of this work presents the application of an empirical pseudopotential approach, based on earlier work by Fischetti et al. for armchair ribbons with atomistic line-edge roughness, 27 to graphene nanoribbons with any orientation. For our purposes, this approach strikes the perfect balance between accuracy and computational burden (compared, for example, to nearestneighbor tight-binding models and self-consistent pseudopotential approaches based on density functional theory). A crucial novelty of the approach presented here is the consideration of the Boltzmann transport equation within the self-consistent relaxation-time approximation. This formalism has frequently been simplified in previous treatments, whereas we show that this can lead to large errors of the resulting resistivity.
We also propose a simplified description for atomistic edge-roughness scattering, based on the model by Brey et al., 33 and on the edge-roughness statistics, to greatly reduce the computational burden with respect to the pseudopotential approach. The simplified model can be fitted to excellent quantitative agreement with the pseudopotential approach and allows for a systematic comparison with the other scattering models for different ribbon orientations and edge profile parameters over a wide range of ribbon widths.
The paper is structured as follows. In Sec. II, we introduce the different descriptions of the electric charge carriers in wide and narrow graphene ribbons. In Sec. III, we cover the different edge-scattering models, ranging from diffusive edge scattering in wide ribbons to atomistic edge-roughness scattering. Section IV deals with the transport formalism for the different scattering mechanisms. A comparison and discussion of atomistic edge roughness, structural edge roughness, and diffusive-edge scattering for the different types of ribbons is presented in Sec. V, before concluding and providing a brief outlook in Sec. VI.
II. GRAPHENE RIBBONS
In this section, we present the two different approaches to model the electronic structure of graphene (nano)ribbons. Our main goal is to obtain the appropriate dispersion relation E(k) for the (nano)ribbon under consideration, from which the wave vector, group velocity, and density of states of the different Fermi level states can be extracted in a straightforward manner and used for transport modeling.
A. Wide ribbons
When a graphene ribbon is sufficiently wide (compared to the electron phase-coherence length), its electronic band structure can be described by that of bulk graphene for transport-modeling purposes. Indeed, for ribbon widths down to a few tens of nanometer, the spectrum will typically consist of narrowly spaced subbands, which one can approximate by a continuum of wave vectors. Figure 1(a) shows the classic honeycomb lattice of graphene, together with its well known band structure [see Fig. 1(b) ]. Near the Dirac point energy, the twodimensional (2D) graphene dispersion relation is linear and equal to
where υ F is the Fermi velocity in graphene, approximately equal to 1 × 10 6 m/s and K, K are two high-symmetry points at the edge of the Brillouin zone where the valence and conduction bands touch [see Fig. 1 
, with a 0 ≈ 0.142 nm the bond length between two neighboring carbon atoms. The 2D density of states can be evaluated analytically and is equal to
with g s = 2 the spin degeneracy and g v = 2 the valley degeneracy accounting for the two (spin-degenerate) Dirac cones at K and K .
B. Nanoribbons
To study the electronic structure and the (electron) transport properties of arbitrarily oriented [three examples are illustrated in Fig. 1(a) ] graphene nanoribbons (GNRs), we will employ the empirical pseudopotential method that has been successfully applied for various carbon-based structures using pseudopotential parameters introduced by Kurokawa et al. 29, 34 With this method, the following system of equations needs to be solved in order to obtain the Bloch wave functions ψ k n (r):
with ψ k,n (r) = e ik·r u k,n (r),
We expand the part of the Bloch wave function that is periodic over the supercell, u k,n (r), on a plane-wave basis with Fourier components u k+G,n . G are reciprocal lattice vectors and V vector k label the different solutions of Eq. (3) and timereversal symmetry and the absence of spin-orbit coupling (being a reasonable assumption for graphene 35 ) imposes the following relations for states with equal n and opposite wave vector:
Our study will be restricted to GNRs with a standard edge termination using hydrogen atoms. 29 We consider the pseudopotentials of single carbon (C) and hydrogen (H) atoms to be isotropic and given by:
as prescribed by Kurokawa et al. in Rydberg atomic units with parameters listed in Table I . We present the pseudopotentials in reciprocal and real space in Fig. 2 . We employ a highly optimized fast Fourier transform and eigenvalue solver developed by Van de Put et al. [37] [38] [39] [40] to obtain numerical solutions of Eq. (3) in a discretized k space in the positive half of the first Brillouin zone, 3 ) and (b) real space, using the Kurokawa parameters provided in Table I . The wave vector cutoff (discretization) is indicated in reciprocal (real) space by the red dashed line.
with an energy cutoff of 25 Ry. Along the (in-plane and out-of-plane) confinement directions, the supercell contains ∼2 nm of vacuum on each side, ensuring that the wave functions are properly contained within the supercell. The wave functions obtained by solving Eq. (3) take the following form:
where k and r are the wave vector and position coordinate along the GNR (transport) direction and G cutoff is the wave vector cutoff associated with the energy cutoff (equal to 5 inverse Bohr so that we capture spatial variations down to a length scale of ∼0.01 nm). Note that the solutions are independent of the wave vector k ⊥ , perpendicular to the GNR direction, as long as the energy is smaller than the vacuum level. In Fig. 3 , the band structure for three 10-nm-wide GNRs with different orientations is presented. In addition to the typical armchair and zigzag configurations, we consider the simplest edge variation by alternating arm-chair and zigzag supercell units [see Fig. 1(a) ]. A GNR with this edge configuration is denoted as an armchairzigzag GNR and makes an angle of ∼11
• with an armchair GNR, while the fraction of zigzag edges is about 36% along the length of the ribbon.
The armchair GNR has a band structure that closely resembles a one-dimensional projection of a Dirac cone, apart from a small band gap that appears where the Dirac point is expected. This is a confinement-induced gap that, in addition to the typical 1/W 2 scaling, is very sensitive to the GNR width W , due to the spatial distribution of Clar resonance structures. 29, 41, 42 There are three distinct types of spatial distributions that can be realized in armchair GNRs, and they are cycled through periodically by each number of atomic layers n a along the width of the GNR (n a mod 3), leading to three distinct confinement-induced band gaps. This effect is also known as the claromatic behavior of armchair GNRs.
29
The zigzag GNR shows a different deviation from the 2D graphene Dirac cones with the appearance of close to dispersionless subbands near the Dirac point. These subbands are well known to arise from localized electron states at the zigzag edges.
1 The armchair-zigzag GNR shows similar dispersionless subbands connecting the two separated Dirac cones. As long as the GNR deviates from the armchair orientation, two Dirac cones, which are separated in k , appear together with edge states. 33, [43] [44] [45] [46] [47] The claromatic behavior observed in armchair GNRs does not play a significant role for other GNR orientations. Therefore, the energy spectrum is less sensitive to small width variations, something that we confirmed with additional pseudopotential simulations. Further note that for graphene nanostructures, it was shown that ferromagnetic ordering can occur at zigzag edges and that an antiferromagnetic interedge exchange coupling can induce a band gap.
48-50 Our pseudopotential approach does not capture these effects, but they can safely be neglected for the GNR widths and doping (Fermi) levels (with, correspondingly, substantial charge screening) under consideration.
Apart from the band structure, the total charge density (obtained from the electron density of the different subbands) is presented as a function of the Fermi level E F in Fig. 3(d) , with E F = 0 considered at the chargeneutrality point (i.e., the top of the highest valence subband in case of a gapped band structure). It clearly shows that a Fermi level shift of a few hundred meV requires relatively high charge doping levels, albeit lower than what would be obtained from considering the 2D graphene density of states. Another aspect that can be observed is that a much larger charge density is needed to pull down the Fermi level of the zigzag GNR due to the extended dispersionless band near the charge-neutrality point. The charge density that these edge state subbands host is proportional to the fraction of zigzag-versus-armchair units in the edge configuration.
A nonatomistic approach that is able to reproduce these band structures qualitatively for arbitrary ribbon orientations, based on the Dirac equation with appropriate boundary conditions, is presented in Appendix A 1.
III. EDGE SCATTERING
We divide edge scattering into three categories, as depicted in Fig. 4 : diffusive edge (DE), structural edgeroughness (SER), and atomistic edge-roughness (AER) scattering. We treat them separately in Secs. III A, III B, and III C, respectively.
A. Diffusive edge
We start with the most simple case: The electrons are simply moving forward as well as back and forth between the two edges, with a certain probability of being diffusely scattered [see Fig. 4 (left) ]. This is similar to what is presented in other publications, 17, [19] [20] [21] 25 except that we will just consider the 2D density of states of graphene here and not the quantized 1D density of states of GNRs.
An electron in graphene, traveling with velocity υ immediately after impact with an edge, will travel a distance L along the transport direction and a distance L ⊥ along the direction perpendicular to transport before there is another collision with an edge. L ⊥ can be considered equal to the graphene width W , such that we
The three different types of edge scattering for a graphene (nano)ribbon with (average) width W are represented schematically: DE scattering (left) with edge scattering parameter P ; SER scattering (center) with, in addition, the SER standard deviation σSER and correlation length ΛSER; AER scattering (right), which is characterized by the AER correlation length ΛAER and the type of edge modifications (only the removal or addition of a single row of hydrogenterminated carbon atoms here).
obtain:
with θ = arctan(υ ⊥ /υ ). For the collision event at the edge, we consider a probability of 1 − P for specular scattering, which does not affect the mean free path (MFP), and a probability P for diffusive scattering (note that this probability differs from the conventional definition of the specularity parameter in the Fuchs-Sondheimer model for boundary scattering in metallic thin films 51, 52 ). At the same time, L /P cannot exceed the maximum MFP along the transport direction, given by λ 2D sin θ, with λ 2D the MFP associated with other scattering mechanisms for bulk graphene such as phonon or impurity scattering. With these considerations in mind, we obtain the total MFP for the case of a (partially) diffusive edge λ DE by averaging over all angles of the velocity:
Note that the same theory applies also for the case of GNRs, except that, because of the quantization of the density of states, the integral over all possible angles becomes a summation over the available subbands.
B. Structural edge roughness
In the case of large edge variations, the mobility degradation due to edge scattering is so large that merely considering a ribbon with uniform width and diffusive scattering at the edge is not enough. In a recent Letter, Contino et al. 32 presented a model to overcome this problem by including the width variations of the ribbon. Here, we summarize their model and present the corresponding formula for the MFP.
We divide the GNR into two regions: the edge region, where electrons are mostly assumed to impact with the same edge more than once, and the inside region, in the bulk of the ribbon, where electrons can impact with either of the two edges, depending on the electron transport angle [see Fig. 4 (center) ]. The distance traveled by electrons in the edge region before impacting with the edge is very random and it strongly depends on the edge profile. However, if we consider only the average distance, we can assume this value to be equal to the autocorrelation length Λ SER of the edge roughness. In the inside region, instead, the same theory used to derive Eq. (9) can be used, except that L ⊥ is not a constant value, equal to the graphene width W , but it depends on both the direction of the velocity of the electron and its position in the direction perpendicular to the transport direction r ⊥ . By averaging and summing the MFP of both regions, we retrieve the following MFP for SER scattering λ SER :
This formula was successfully applied to describe the mobility degradation of graphene ribbon samples ranging from a width of 5 µm down to 50 nm, with a clear deviation from the DE scattering model for widths below 500 nm due to the large width variations. 
C. Atomistic edge roughness
For AER, we will limit ourselves to modifications of the GNR by one row of carbon atoms extra or less on each side [see Fig. 4 (right) ], also taking into account a proper adjustment of the hydrogen termination. We can write the AER potential as follows:
with V e,m (r) the potentials of the different GNR modifications, periodically repeated in each supercell, and V e,m,G (r ⊥ ) the Fourier components of an expansion along the transport direction. The symbol m denotes a modification (m = +/−: addition/removal of one row of carbon atoms) at the left (e = L) or right (e = R) edge of the GNR (see examples in Fig. 5 ). The function σ e,m (r ) is a stepwise function that is equal to one for the positions (or supercells), along the length of the GNR, where the edge modification m at GNR edge e appears, and equal to zero elsewhere. We consider a Fourier expansion of the AER potentials along the transport direction, with the directions orthogonal to the transport direction evaluated in real space with coordinate r ⊥ , as it results in the most tractable form for numerical evaluation. The matrix elements between a certain initial (i) and final (f ) state are given by:
with L the length of the GNR and ∆k ≡ k
. A disordered edge configuration breaks the periodicity of the total potential and this is captured by the function σ e,m (r ) along the length of the GNR. We have obtained the last line by considering σ e,m (q ) with q only within the first Brillouin zone. The modes outside of the first Brillouin zone are dismissed, as the function, by construction, should not vary over the length of a single supercell. The squared matrix elements are given by:
Similar to the description for SER, we model AER by considering its statistical properties, translated to the functions σ e,m (r ). We have only considered the addition or removal of a single row of atoms in each supercell, and we will consider these modifications to be equally probable as no modification (probability of the three cases equal to 1/3), which fixes the average and standard deviation. We consider the two-point correlation function to be Gaussian with a correlation length that should be at least of the order of the length of the supercell for consistency. This also justifies the omission of the higher Fourier modes in the calculation above. The expectation value of the product of roughness functions appearing in the absolute value squared of the matrix elements is accordingly given by: 
presented both in real and reciprocal space. We have introduced the Gaussian two-point correlation function, defined as follows:
Roughness at the opposite edges is, as before, considered to be fully uncorrelated. The average of the matrix elements squared, for ∆k = 0 as an example, can thus be expressed as:
e,m,m
Note that a Gaussian roughness profile is only one of many possible choices. 53 For the Si/SiO 2 interface for example, an exponential power-spectrum is also commonly used. 54, 55 The only change that is required in our model is an adjustment of the two-point correlation function of Eq. (15) in Eq. (16) . Further note that this approach is inspired by the widely used approach to model quantum size effects due to surface roughness in thin metallic films and two-dimensional electron gases, based on the parametrization of boundary deviations of a quantum well and the statistics thereof [here replaced by the functions σ e,m (r ) and their statistics].
53,56-59
A simplified expression for the result in Eq. (16) that is compatible with the simplified GNR model of Appendix A 1 is presented in Appendix A 2.
IV. TRANSPORT
A priori, one can expect the electric charge transport of a significantly charge-doped and sufficiently long, narrow graphene ribbon with imperfect edges to be in the diffusive regime, with diffusive scattering being dominated by edge-scattering events. The overall impact of edge scattering on the transport behavior is captured by the 2D resistivity ρ, which can be obtained from the MFP λ = λ DE (SER) due to DE (SER) scattering through µ = λen, with µ = µ DE (SER) the 2D mobility, e the elementary charge, and n the carrier density. The 2D resistivity is then given by ρ = 1/µ.
In case of AER scattering, the resistivity can be obtained from the Boltzmann transport equation with the self-consistent relaxation-time approximation:
with υ i (f ) the group velocity of the initial (final) state and τ i , τ f their relaxation times, which can be selfconsistently obtained without further approximations. The resistivity as a function of the roughness correlation length Λ AER is shown in Fig. 6(a) for the three 10-nm-wide GNRs of Fig. 3 , using the AER scattering rates obtained from Eq. (16) and considering the Fermi level at −0.4 eV (considered throughout this section). Note that the Λ AER has a physical lower limit, related to the carbon atom bond length. For the construction in Eq. (12), the lower limit is equal to the length of the supercell along the transport direction. Overall, the resistivity is maximal for the armchair GNR and minimal for the zigzag GNR. For all GNR orientations, the resistivity is strongly suppressed for increasing correlation lengths, with the suppression being evident at first in zigzag, then in armchair-zigzag, and finally in armchair GNRs.
From Eq. (15), it is clear that the scattering rate between two states is exponentially suppressed when Λ AER > 2 √ 2/∆k [see Eq. (15)]. Considering the wave vector to be equal to the K-K valley separation along the transport direction, ∆k = ∆K sin γ GNR (see simplified GNR model in Appendix A 1), we obtain an exponential suppression for the zigzag and armchair-zigzag GNR when Λ AER > 0.7 nm and Λ AER > 1.7 nm, respectively, which appears to be in good agreement with the exponential suppression of the resistivity.
We observe that the resistivity is exponentially suppressed when intervalley scattering is exponentially suppressed due to the imbalance in the number of forwardand backward-moving channels in each valley. This imbalance originates from the chiral modes which are connected through the flat edge state subbands [see Fig. 1(d) and Figs. 3(b) and (c) ]. Such a strong suppression has already been theoretically reported as an anomalous enhancement of the conductivity of disordered zigzag GNRs, given that intervalley scattering is forbidden or suppressed.
26 AER scattering satisfies this condition because of its dependence on the wave vector difference. For the armchair GNR, there is no such imbalance and the suppression is therefore minimal. Nonetheless, a suppression of the resistivity eventually appears for increasing correlation length as one should retrieve a perfectly smooth edge and, correspondingly, a vanishing resistivity contribution in the limit Λ AER → +∞. In the case that the AER obeys correlation statistics different from Gaussian, the scattering rates are proportional to the Fourier transform of the corresponding two-point correlation function. For exponential correlation statistics for example, we could then expect a power-law suppression of the resistivity when the correlation length exceeds the critical length scale given by 1/∆k .
It is important to note that a strong resistivity suppression has not been reported in earlier publications on edgeroughness scattering in graphene ribbons. 23, 27, 28, 30, 63 . Our simulation results indicate that this effect only shows up when we calculate the relaxation times selfconsistently, considering a subband-quantized ribbon spectrum and a finite edge-roughness correlation length. Furthermore, one frequently simplifies the right-hand side of Eq. (17) to obtain a closed expression for τ i , thereby overlooking the self-consistency of the different τ . This appears to be too crude an approximation for this system, because of the strong dependence on the wave vector difference (or subbands) of the highly anisotropic scattering rates. The differences between various approximation schemes for the relaxation times have already been studied in the context of boundary surface roughness scattering metallic nanowires, exhibiting similar behavior.
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Figure 6(b) shows the resistivity for the same three GNRs as in Fig. 6(a) , considering the simplified GNR model and scattering rates of Appendix A. When considering E AER = 5 eV (a reasonable value, considering the energy scales of the Kurokawa pseudopotentials) and σ AER = √ 3a 0 / cos γ GNR , being the width of a single row of atoms projected to the direction perpendicular to the GNR transport direction, the pseudopotential-based results and the simplified model are in excellent agreement. The largest difference is the height of the resistivity peak for the armchair-zigzag GNR, which can easily be improved by adjusting the energy parameter E AER appropriately. Figures 6(c) and (d) show the simplified model for the same three orientations, considering the same set of parameters, for GNR widths ranging from 10 to 30 nm.
The dependency on the correlation length as in Fig. 6(b) is retrieved for all widths, while a signature of subband quantization due to confinement is also clearly visible. The highest resistivity peaks are obtained when the top or bottom of the highest occupied subband is just below the Fermi level, offering a large density of states and a strong catalyst for intravalley backscatter-ing in the self-consistent relaxation-time solution. In case of an armchair GNR, the peculiar (claromatic) confinement behavior [see Eq. (A10)] induces a behavior which is highly sensitive to the GNR width, unlike for the other orientations.
V. COMPARISON AND DISCUSSION
A comparison between the different edge-scattering mechanisms and corresponding models is presented in Fig. 7(a) for GNRs with average width ranging from 10 to 50 nm. We evaluate the resistivity of the DE and SER scattering models for weakly (P = 0.2) and fully diffusive (P = 1) edges and further consider SER with matching standard deviation and correlation length (Λ SER = σ SER ) of around 3% of the total ribbon width (σ SER = W/30). For AER scattering, the maximal resistivity for all correlation lengths is depicted, with the corresponding correlation length for each orientation shown as a function of the width in Fig. 7(b) . On one hand, this maximum, for edge variations of at most one row of atoms, exceeds the two other types of edge scattering. On the other hand, the contribution is exponentially suppressed when the actual correlation length significantly exceeds the value for which this maximum is reached. In general, the armchair and zigzag GNRs offer a good upper and lower bound for the resistivity of a GNR with arbitrary orientation, respectively. Near the widths for which the top or bottom of the highest occupied subband touches the Fermi level (−0.4 eV being considered), the resistivities of the GNRs with different orientation nearly collapse, as backscattering is dominated by intravalley scattering via this particular subband, a process which does not depend on the valley separation in reciprocal space. On average, all the different edge-scattering mechanisms approximately follow the same scaling behavior, ρ ∝ W −α , with α ≈ 0.8. Note that a specific value needs to be considered for the bulk MFP, λ 2D , in the DE and SER scattering models. This value represents the MFP of electrons moving in a graphene ribbon without considering any edge scattering. As the focus lies on edge scattering in this paper, we have considered a lower limit of the bulk MFP here, only accounting for the dominant electron-phonon interactions (the longitudinal modes of acoustic phonons). The bulk MFP can then be estimated by 29, 64, 65 with β ≡ 1/(k B T ) (considering room temperature here, T = 300 K), ρ m ≈ 7 × 10 −7 kg/m 2 the mass density of graphene, υ ph ≈ 2 × 10 4 m/s the phonon group velocity, and D ac = 6.5 eV the considered acoustic deformation potential constant for graphene, yielding λ 2D ≈ E F × 1.8 µm/eV.
The resistivity is maximal for the armchair orientation and minimal for the zigzag orientation due to maximally separated K and K valleys along the transport direction. Each valley features an imbalance in the number of forward-and backward-moving subband channels, which induces a conductivity increase, showing up in the selfconsistent relaxation-time solution. The imbalance and resulting resistivity increase is maximally protected when the valleys are maximally separated. If the correlation length exceeds a critical length scale, which is inversely proportional to the K-K valley separation in reciprocal space, intervalley scattering, and the resistivity contribution due to AER, are strongly suppressed. The smallest critical length is realized by the zigzag orientation and is approximately equal to ∼0.7 nm (about three times the zigzag supercell length along the transport direction of the ribbon).
It is difficult to provide general trends or crossover regimes between the different edge-scattering mechanisms, as they all depend on one or several parameters (P , σ SER , Λ AER , . . . ) that can differ for GNR samples of varying quality or obtained with different growth techniques. Furthermore, the resistivity due to AER scattering can only be obtained numerically from the selfconsistent set of equations in Eq. (17) , which makes it hard to extract the general scaling behavior. Nonetheless, there are interesting general observations. The maximum of the AER-induced resistivity for single-atom-row width deviations exceeds the fully diffusive limit of the diffusive-edge model for all ribbon orientations for example, even up to ribbon widths of around 50 nm. This implies that the phenomenological parameter P cannot be used to represent and replace the average impact of AER scattering, an interpretation that is however often given. Clearly, there are physical values of Λ AER for which a p(Λ AER ), which would approximately recover the AERinduced resistivity through (9) , cannot be found, even when neglecting the effect of subband quantization. Another general observation is that the subband quantization induces resistivity peaks in nonarmchair GNRS as a function of the ribbon width with a periodicity of around 5 nm. We can expect that these peaks are washed out as soon as the width variations become comparable to or exceed this length scale.
VI. CONCLUSIONS AND OUTLOOK
In this paper, we have presented and compared different models for diffusive transport of electric charge carriers in graphene nanoribbons due to edge scattering. For wide graphene ribbons, the bulk spectrum of 2D graphene can safely be considered and edge scattering is well described with a phenomenological parameter, namely the probability for a diffusive rather than specular scattering event after colliding with a ribbon edge. This approach leads to an analytical expression for the resulting mean free path and can also be extended to account for ribbons with large width variations (much larger than the bond length between neighboring atoms), which we have dubbed structural edge roughness. Structural edge roughness can be characterized by the standard deviation and correlation length of the edge profile. . 7. (a) A comparison of the 2D resistivity ρ of GNRs due to DE, SER, and AER scattering [legend in (b) and details on the parameters can be found in the text] as a function of the ribbon width W . For DE and SER scattering, two values for the probability of DE scattering P are considered. For AER scattering, the maximum value of the resistivity, for any value of the correlation length ΛAER, is presented. The value of ΛAER, for which the resistivity is maximal, is shown in (b) as a function of the GNR width for the three GNR orientations under consideration: armchair (A), zigzag (Z), and armchair-zigzag (AZ).
As can be expected, the decrease of the overall mean free path is more pronounced for larger structural edge roughness.
For graphene nanoribbons, the ribbon orientation with respect to the honeycomb lattice, its resulting edge configuration, and the confinement-induced subband quantization also play a role. To model this, we have introduced an atomistic approach based on empirical pseudopotentials. This approach has also been used to obtain a scattering potential for edge roughness on the atomic scale, dubbed atomistic edge roughness. We have combined this approach with a statistical treatment of the edgeroughness properties as well as the Boltzmann transport equation and the self-consistent relaxation-time approximation to obtain an accurate prediction of the resistivity.
The pseudopotential-based model for graphene nanoribbons is well approximated by a simplified description based on the Dirac equation with appropriate boundary condition for the two sublattices. Furthermore, the scattering rates for atomistic edge roughness can be well approximated by considering simplified matrix elements which capture the essential dependence on the wave vector difference. The resulting simplified model can be fitted to the pseudopotential-based model with quantitative agreement and it is easily evaluated for different widths and ribbon orientations. The model nicely demonstrates a strong width dependence of the resistivity for the armchair nanoribbons due to their claromatic behavior. Graphene nanoribbons with any other orientation qualitatively behave like a zigzag nanoribbon but show an overall increased resistivity for decreased valley separation. The resistivity of these nanoribbons shows a strong peak when the bottom of a subband crosses the Fermi level.
In the case of heavily-suppressed atomistic edgeroughness scattering due to an optimal combination of the edge-roughness statistics and the valley separation along the transport direction of a graphene nanoribbon, other scattering mechanisms such as local defect, electron-phonon, or remote Coulomb scattering will determine the residual resistivity. These effects are not expected to be strongly width dependent as is the case for edge scattering. Therefore, the edge scatteringsuppressed regime, most pronounced for the zigzag orientation, seems to be very promising for nanoscaled device applications that require a high electric current density and a low resistance.
Our modeling approach for atomistic edge roughness can easily be used to simulate different realistic parameter sets, corresponding to graphene nanoribbons of different very-large-scale integration schemes, and can also be adapted for other two-dimensional materials.
